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Abstract: As the demand of Electricity is increasing day by day and is already more than the production 
of Electricity whereas reserves of fossil-fuel are depleting, there is a strong need to shift for other sources 
which are renewable energy sources. Regarding this, DC micro grids and their energy management of 
these renewable energy sources have gained more importance which is discussed in this paper. The main 
objective of the proposed system is to provide uninterrupted power supply to the load systems which are 
located at isolated sites of remote and rural areas. The proposed system mainly deals with 
implementation of Energy Management System (EMS) to DC microgrid using maximum power point 
tracking (MPPT) algorithm. A coordinated and multivariable EMS is proposed that employs a wind 
turbine and a photovoltaic array as controllable generators by adjusting the pitch angle and the switching 
duty cycles and a storage system consisting of batteries. In order to realize constant current, constant 
voltage (IU) charging regime and increase the life span of batteries, the proposed EMS require being 
more flexible with the power curtailment feature. The proposed strategy is developed as an online 
nonlinear model predictive control (NMPC) algorithm based on individual MPPTs of the system. The 
entire designed system is modeled and simulated using MATLAB/Simulink Environment. 
Key words: Battery Management; Maximum Power Point Tracking (MPPT); Nonlinear Model Predictive 
Control (NMPC); Power Sharing; and Voltage Regulation; 
I. INTRODUCTION 
Microgrids are new key elements of modern power 
grids that improve the grids capability of hosting 
renewable energy and distributed storage systems 
[1] consisting of ac and dc loads [2]. The near 
future distribution networks will consist of several 
interconnected microgrids which will locally 
generate, consume, and store energy [3]. A 
microgrid may be operated as an extension of the 
main grid, i.e., grid-connected, or as a standalone 
network with no connection to the grid. Standalone 
dc microgrids have some distinct applications in 
avionic, automotive, or marine industries, as well 
as remote rural areas. Due to substantial generation 
and demand fluctuations in standalone green 
micro-grids, energy management strategies (EMSs) 
are becoming essential for the power sharing 
purpose and regulating the microgrids voltage. The 
classical EMSs track the maximum power points 
(MPPs) of wind and PV branches independently 
and rely on batteries, as slack terminals, to absorb 
any possible excess energy. However, in order to 
protect batteries from being overcharged by 
realizing the constant current, constant voltage (IU) 
charging regime as well as to consider the wind 
turbine operational constraints, more flexible 
multivariable and non-linear strategies, equipped 
with a power curtailment feature are necessary to 
control microgrids. The stability of a dc microgrid 
is measured in terms of the stability of its dc bus 
voltage level which is one of the main control 
objectives [4]. The grid voltage source converters 
(G-VSCs) are the primary slack terminals to 
regulate the voltage level of grid-connected 
microgrids. Battery banks, on the other hand, are 
effective slack terminals for standalone microgrids 
[5]. The curtailment strategies [6] of the battery 
bank which cannot absorb the excess generation 
restrict the batteries charging rate by the maximum 
absorbing power; however, the maximum charging 
current must also be limited. Furthermore, they do 
not curtail the power of each generator in 
proportion to its rating. In order to prevent over-
stressing conditions and circulating currents 
between generators [7], load demands need to be 
shared between all slack DGs in proportion to their 
ratings [8]. However, standalone dc microgrids are 
usually located in small-scale areas where the 
power sharing between DGs can be managed by 
centralized algorithms which are less affected by 
two issues: 1) batteries in charging mode are 
nonlinear loads causing distortions to the grid 
voltage; and 2) the absolute voltage level of a 
standalone microgrid is shifted as the result of the 
load demand variation. A number of phenomena 
affect the batteries operation during the charging 
mode [9]: 1) applying high charging currents, the 
batteries voltages quickly reach to the gassing 
threshold; 2) the internal resistor and hence power 
losses and thermal effects increase at high SOC 
levels; and 3) batteries cannot be fully charged with 
a constant high charging current and also restricts 
the maximum attainable SOC that leads to unused 
capacities [10]. However, since batteries act as 
nonlinear loads during the charging mode, it does 
not necessarily limit the charging currents. 
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Depending on the proportion of the power 
generation to the load demand ratio within 
standalone DC microgrids, three cases are 
envisaged: 1) power generation and load demand 
are balanced; 2) load demand exceeds power 
generation causes dc bus voltage to drop in absence 
of any load shedding; and 3) power generation is 
higher than load demand leads batteries to be 
overcharged and bus voltage to climb. This study 
focuses on case 3) in which the generated power 
must be curtailed if it violates the batteries 
charging rates or if batteries are fully charged. In 
contrast to the strategies available in which 
renewable energy systems (RESs) always operate 
in their MPPT mode, the proposed multivariable 
strategy uses a wind turbine and a PV array as 
controllable generators and curtails their 
generations if it is necessary. The proposed EMS is 
developed as an online novel NMPC strategy that 
continuously solves an optimal control problem 
(OCP) and finds the optimum values of the pitch 
angle and three switching duty cycles. It 
simultaneously controls four variables of 
microgrids: 1) power coefficient of the wind 
turbine; 2) angular velocity of the wind generator; 
3) operating voltage of the PV array; and 4) 
charging current of the battery bank. It is shown 
that employing new available nonlinear 
optimization technique and tools, the 
computational time to solve the resulting NMPC 
strategy is in permissible range. Unlike dump load-
based strategies that only protect the battery from 
over charging, the proposed strategy implements 
the IU charging regime that helps to increase the 
batteries life span. 
II. SYSTEM DESCRIPTION AND 
MODELLING 
 
Fig.1.Topology of a small-scale and standalone dc 
microgrid with connected loads. 
 
Where F is a set of implicit differential and 
algebraic functionals fi for i € [1, 2, 3 …24]. The 
first two constraints f1 and f2 are due to the fact 
that in standalone dc microgrids the sum of the 
generated, stored, and consumed powers is always 
zero: 
 
A.Wind Branch 
Wind turbines (WTs) convert the kinetic energy of 
wind to mechanical power. In order to generate the 
maximum power by a WT at variable wind speed, 
it is necessary to employ a maximum power point 
tracking (MPPT) control strategy [11]. A wind 
turbine can be connected to an electrical generator 
directly or through a gear-box. In order to convert 
the three-phase output of a PMSG to dc voltage, it 
is essential to deploy a three-phase rectifier. A 
general structure, which consists of a full-bridge 
diode rectifier connected in series to a dc-dc 
converter, is common due to lower cost. 
B. Battery Branch 
There are different types of batteries applicable to 
the backup/storage purposes across microgrids. 
Among all the lead-acid batteries have some 
advantages for hybrid renewable energy system 
(HRES) applications. Lead-acid batteries are 
widely available in many sizes and are appropriate 
for small to large applications. Furthermore, the 
normalized cost of this type of batteries is 
reasonable and it is mature in concepts, 
mathematical model and technology. In fact, the 
performance characteristics of lead-acid batteries 
are well understood and modelled The charging 
operation of a lead acid battery bank, consisting of 
Nbatp × Nbats batteries is modelled [12] as below. 
 
Where Vbstack, Ibstack, and SOC are, respectively 
the voltage, current, and state of charge of the 
battery bank. If is the filtered value of the battery 
current with the time constant of Ts and Qact is the 
actual battery capacity. The experimental 
parameter p1 requires being identified for each type 
of battery while the maximum amount of the 
battery capacity, Cmax, internal resistor of battery, 
Rbat, and the battery constant voltage, V0, are 
given by manufacturers. By ignoring the 
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discharging mode of the battery bank operation, the 
bi-directional converter acts as a boost-type 
converter 
C. Solar Branch 
PVs are among the popular renewable energy 
components to harvest solar energy. A PV cell, as 
the fundamental PV element, is a P-N junction that 
converts solar irradiance to the electrical energy. 
Normally, manufacturers provide PV modules, also 
known as PV panels, which consist of several PV 
cells connected together in series. A PV cell is a 
non-linear component that its operation is 
characterized by a set of current-voltage curves at 
different insolation levels and junction 
temperatures. The equivalent electrical circuit of 
the PV module is used to mathematically model the 
solar branch, consisting of a PV array and a boost 
converter [13]. The below equations shows the 
characteristic equations of a PV array, 
consisting of Npvp × Npvs PV modules: 
D. Maximum Power Point Tracking 
Maximum power point tracking (MPPT) is a 
technique used commonly with wind turbines and 
photovoltaic (PV) solar systems to maximize 
power extraction under all conditions. The MPPT 
technique is also useful for the operation of battery. 
Depending upon the MPPT technique charging and 
discharging modes of operations of batteries are 
controlled. It is useful in protecting the battery 
from over charging, and to implement the IU 
charging regime of the battery that helps to 
increase the life span of batteries. The output power 
induced by the pv modules and wind turbine are 
influenced by number of factors which are solar 
radiation, temperature, wind speed etc. To 
maximize the power output from the system it is 
necessary to track the maximum power points of 
the individual energy sources. There are several 
methods to track the mpp’s of the system among 
them P&O is the commonly used method. 
E. Power Conversion 
In order to supply different types of variable dc and 
variable ac loads connected to the isolated 
standalone dc micro grid, and depending on the 
energy supplying sources and storage systems it is 
necessary to convert the energy to maintain the dc 
bus voltage regulation. Depending upon the load 
connected and the energy sources the energy 
conversion is either DC-DC or DC-AC [14]. And 
only the AC-DC conversion is needed at wind 
turbine through bridge rectifier to connect dc bus 
III. CONTROLLER DESIGN 
A. Nonlinear Model Predictive Control (NMPC) 
Non-linear model predictive control (NMPC) 
strategies are inherently multivariable and handle 
constraints and delays. In this thesis, the EMS is 
developed as a NMPC strategy to extract the 
optimal control signals, which are duty cycles of 
three DC-DC converters and pitch angle of a wind 
turbine. 
Optimal Control Problems (OCPS): 
OCPs, make explicit use of the system model, 
given by the below functions in order to find an 
optimal control law u*(.), which meets number of 
equality and inequality constraints. The term 
optimal here is defined with respect to a certain 
criterion that implies the control objectives. This 
criterion is specified with a cost functional , 
consisting of the Lagrangian term and the terminal 
cost term . While the Lagrangian term indicates the 
cost function during the period of time , the 
terminal cost penalizes final values. 
 
 
OCPs are open-loop strategies and are wrapped by 
a feedback loop to construct NMPC strategies. 
NMPC strategies, which are also called as the 
receding horizon control, continuously solve an 
OCP over a finite-horizon using the measurements 
obtained at t as the initial values. Then the first 
optimal value is applied as the next control signal. 
Comparing with the conventional methods, 
NMPCs are inherently non-linear and multivariable 
strategies that handle constraints and delays 
B. Control System 
 
The proposed EMS successively gets the estimated 
system states, ẋ, as inputs and calculates the 
optimal solution, U*(.), as outputs. The external 
state estimator and the predictor of the non-
manipulated variables are out of the scope of this 
paper. N step ahead predictions of the solar 
irradiance, wind speeds, and load demands are 
extracted either from a meteorological centre or an 
external predictor using autoregressive-moving-
average (ARMA) technique. The bus voltage level 
of the microgrid, Vdc, is set externally and hence 
the developed controller can act as the secondary 
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and primary levels of the hierarchical 
architecture. 
IV. SIMULATION RESULTS 
 
Fig 2. MATLAB/SIMULATION diagram of 
proposed system 
 
Fig 3. Wind subsystem 
 
Fig 4. Fuel cell subsystem 
 
Fig 5. PV system 
 
Fig 6. Powers of Wind, Psc, fuel cell, and PV 
 
Fig 7. DC link voltage and Grid power 
 
Fig 8. Wind active power and Reactive power 
 
Fig 9. Grid active power and Reactive power 
V. CONCLUSION 
A coordinated and multivariable online NMPC 
strategy has been developed to address the optimal 
EMS, which deals with three main control 
objectives of standalone dc microgrids. These 
objectives are the voltage level regulation, 
proportional power sharing, and battery 
management. In order to address these objectives, 
the developed EMS simultaneously controls the 
pitch angle of the wind turbine and the switching 
duty cycles of three dc dc converters. It has been 
shown that the developed controller tracks the 
MPPs of the wind and solar branches within the 
normal conditions and curtails their generations 
during the under load conditions. The provided 
flexible generation curtailment strategy realizes the 
constant current, constant voltage charging regime 
that potentially increases the life span of the battery 
bank. The simulation results have been shown its 
ability to achieve all control objectives 
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